The O-demethylation of phenyl methyl ethers under anaerobic conditions is a metabolic feature of acetogens and Desulfitobacterium spp. Desulfitobacteria as well as most acetogens are Gram-positive bacteria with a low GC content and belong to the phylum Firmicutes. The consumption of the phenyl methyl ether syringate was studied in enrichment cultures originating from five different topsoils. Desulfitobacterium spp. were detected in all topsoils via quantitative PCR. Desulfitobacteria could be enriched using the O-demethylation of syringate as a growth-selective process. The enrichment was significantly favoured by an external electron acceptor such as 3-chloro-4-hydroxyphenylacetate or thiosulfate. Upon cultivation in the presence of syringate and thiosulfate, which naturally occur in soil, a maximum number of 16S rRNA gene copies of Desulfitobacterium spp. was reached within the first three subcultivation steps and accounted for 3-10 % of the total microbial community depending on the soil type. Afterwards, a loss of Desulfitobacterium gene copies was observed. Community analyses revealed that Proteobacteria, Acidobacteria, Actinobacteria and Bacteroidetes were the main phyla in the initial soil samples. Upon addition of syringate and thiosulfate as growth substrates, these phyla were rapidly outcompeted by Firmicutes, which were under-represented in soil. The main Firmicutes genera identified were Alkalibaculum, Clostridium, Sporobacterium, Sporomusa and Tissierella, which might be responsible for outcompeting the desulfitobacteria. Most of these organisms belong to the acetogens, which have previously been described to demethylate phenyl methyl ethers. The shift of the native community structure to almost exclusively Firmicutes supports the participation of members of this phylum in environmental demethylation processes.
INTRODUCTION
Desulfitobacteria are strictly anaerobic bacteria of the phylum Firmicutes that are mainly studied because of their ability to reductively dehalogenate natural or anthropogenic organohalides such as tetrachloroethene or 3-chloro-4-hydroxyphenylacetate (Cl-OHPA) (for a review, see Villemur et al., 2006) . Hence, their presence in natural or engineered environments has often been linked to the presence of such compounds (Lanthier et al., 2005; Yoshida et al., 2007; Rouzeau-Szynalski et al., 2011) . Recently, it was shown that another metabolic trait, i.e. the O-demethylation of phenyl methyl ethers, is common for most of the desulfitobacteria isolated so far, if an appropriate electron acceptor such as fumarate, nitrate, thiosulfate or Fe(III) is provided (Mingo et al., 2014) . Phenyl methyl ethers typically result from the conversion of lignin by ligninolytic enzymes that are produced by white rot fungi under aerobic conditions (Higuchi, 1990) . They are widespread in the environment and can be detected, for example, in forest soils (Whitehead, 1964) . The presence of desulfitobacteria in non-contaminated habitats has scarcely been documented. Some studies report the presence of this genus in heavy metal-afflicted lake and riverbed sediments (Niggemyer et al., 2001; Sánchez-Andrea et al., 2011 , 2012 or in forest soils (Lanthier et al., 2001; Hartmann et al., 2014) . In the latter habitat, O-demethylation of methoxylated aromatic compounds might play a key role in the lifestyle of desulfitobacteria, given the abundance of phenyl methyl ethers such as syringate, vanillate or isovanillate amongst other lignin decomposition products (Chen et al., 1982 (Chen et al., , 1983 Kögel, 1986) , which were reported to be growth substrates of Desulfitobacterium hafniense, Desulfitobacterium dehalogenans and Desulfitobacterium chlororespirans (Neumann et al., 2004; Mingo et al., 2014) . In addition to desulfitobacteria, acetogenic bacteria, the majority of which belong to the phylum Firmicutes, have also been described to utilize phenyl methyl ethers as growth substrates (Bache & Pfennig, 1981; Daniel et al., 1991; Traunecker et al., 1991; Stupperich & Konle, 1993; Liesack et al., 1994) and might therefore compete with desulfitobacteria for methoxylated aromatic compounds as growth substrates in the environment. In contrast to desulfitobacteria, acetogens can utilize CO 2 as an electron acceptor; the oxidation of the substrate's methyl group can be coupled to CO 2 reduction to acetate (Drake et al., 2006) . Nevertheless, in many natural habitats, survival of desulfitobacteria in the presence of acetogens seems feasible, as nitrate, thiosulfate and/or Fe(III) are often present in soil (Gebauer et al., 1988; Wind & Conrad, 1995; Colombo et al., 2014) .
The aim of this study was to investigate the phylum distribution in soil samples and enrichment cultures in response to phenyl methyl ethers and different electron acceptors with the focus on Desulfitobacterium spp. For this purpose, four forest topsoils and one grassland topsoil were sampled in the vicinity of Jena (Germany) and used as inoculum for enrichment cultures. O-demethylation of the phenyl methyl ether syringate coupled to thiosulfate reduction was found to be an appropriate growth-selective process. Quantitative PCR (qPCR) was used to determine the relative amount of desulfitobacteria in each enrichment culture. The microbial diversity of selected enrichments was elucidated by sequencing the hypervariable regions V1-V3 of the 16S rRNA genes using Illumina MiSeq technology.
METHODS
Field sampling sites. Cambisol, luvisol, gleysol, pelosol and podsol were sampled in Stadtroda (50u 519 57.120 N, 11u 439 0.110 E), Tautenburg (50u 599 33.640 N, 11u 429 39.970 E), Bad Klosterlausnitz (50u 549 54.180 N, 11u 519 20.830 E), Jena (50u 559 50.110 N, 11u 379 39.280 E) and Trockenborn-Wolfersdorf (50u 479 34.780 N, 11u 399 42.160 E), respectively. All soils were sampled with a topsoil sampler (Ehlert & Partner) and stored at 220 uC after use.
pH measurement of soils. Bulk topsoil (10 g) was suspended in 25 ml 10 mM CaCl 2 and stirred at room temperature for 2 h. The pH value was then measured with a pH electrode.
Enrichment cultures. Bulk topsoil (5 g fresh weight) was weighed into sterile 100 ml serum flasks, and subsequently sealed with rubber stoppers and aluminium caps. All bottles were evacuated and flushed with N 2 to ensure anoxic conditions (20 cycles). Then, 45 ml sterile anoxic growth medium was added via a syringe. The growth medium was prepared according to Neumann et al. (2004) ): 400 mg 4-aminobenzoic acid, 100 mg D-biotin, 1000 mg nicotinic acid, 500 mg calcium D-pantothenic acid, 1500 mg pyridoxamine-2HCl and 1000 mg thiamine-HCl. The final pH of the medium was between 7.4 and 7.8. The electron donor (syringate) and electron acceptors [thiosulfate, nitrate, 4, 4, were supplied from separately autoclaved anoxic stock solutions. The concentrations applied were as follows: syringate, 4 mM, and if combined with 2,4,6-TCP, 0.5 mM; thiosulfate, 4 mM; nitrate, 5 mM; Cl-OHPA, 5 mM; 2,4,6-TCP, 80 mM. Cultures were incubated in a water bath shaker at 28 uC and 150 r.p.m. Samples were taken periodically for the measurement of substrate and protein concentrations. Once syringate could no longer be detected via HPLC, 5 ml enrichment cultures were transferred to 50 ml fresh medium. Each transfer generated a new subcultivation step. All enrichments with the electron donor/acceptor couple syringate/thiosulfate consisted of two biological replicates and were transferred five times, except for podsol enrichment cultures, which were transferred three times.
Analytical methods. The protein concentration was used as an indicator of bacterial growth and was determined according to the method of Bradford (1976) after cell lysis by alkaline treatment.
The concentrations of gallate, syringate and Cl-OHPA (for chemical structures, see Results and Discussion) were determined by HPLC using a LiChrospher 100 RP-8 125|4 mm column (Merck) and 25 % (v/v) methanol plus 0.3 % (v/v) H 3 PO 4 in water as eluent. A flow rate of 0.4 ml min 21 was applied. Signals were detected at 210 mM. Under these conditions, the retention times were: gallate, 5.0 min; syringate, 16.1 min; Cl-OHPA, 19.0 min.
Thiosulfate was measured according to Quentin & Pachmayr (1964) . Diluted samples were mixed in a 3 : 1 ratio with 0.006 % (w/v) methylene blue in 6 M HCl. After 3 h of incubation at room temperature, the A 600 was measured.
DNA extraction. Genomic DNA from soils was extracted from 250 mg bulk topsoil (fresh weight) with a Power Soil DNA Isolation kit (Dianova) according to the manufacturer's instructions. This isolation kit was also used for the extraction of genomic DNA from the first subcultivation of the enrichments (2 ml sample was used). For extraction of genomic DNA from all further subcultivation steps of the enrichments, an innuPREP Bacteria DNA kit (Analytik Jena) was used. The use of different DNA extraction kits did not significantly affect the relative number of Desulfitobacterium spp. gene copies that was determined via qPCR (data not shown). The extraction was always performed once syringate could no longer be detected via HPLC. DNA was quantified using a NanoDrop 2000 UV-Vis spectrophotometer (Thermo Scientific). Whenever greyish or brownish coloration of extracted DNA was observed, impurities were removed with a OneStep PCR Inhibitor Removal kit (Zymo Research).
Enrichment of Desulfitobacterium spp. from soil Construction of qPCR standards. DNA fragments used for the construction of qPCR standards were amplified from genomic DNA of D. hafniense DCB-2 via end-point PCR. The PCR mixture contained 1| PCR buffer (Segenetic) with 1.5 mM MgCl 2 , 200 mM each dNTP, 1 mM forward and reverse primer, Taq polymerase (0.1 U ml 21 ), and genomic DNA (4 ng ml 21 ). The 16S rRNA gene was amplified with the primer pair 8F (59-AGAGTTTGATCCTGGC-TCAG-39) and U1517R (59-ACGGCTACCTTGTTACGACTT-39) (Weisburg et al., 1991) using the following programme: 2 min at 95 uC for initial denaturation; 30 cycles consisting of denaturation at 95 uC for 1 min, annealing at 55 uC for 45 s and extension at 72 uC for 2 min; followed by 10 min final extension at 72 uC. PCR products were run on a 0.8 % (w/v) agarose gel to verify their correct length, excised from the gels, purified, and then sent to GATC Biotech for Sanger sequencing and verification of gene identity. The concentration of purified end-point PCR products was measured as described earlier (see DNA extraction).
qPCR. The principles of qPCR have been described elsewhere (for a mini-review, see Smith & Osborn, 2009 ). The signal was generated by the binding of SYBR green to dsDNA. Absolute quantification of gene copies was performed with a Maxima SYBR Green qPCR Master Mix kit (Thermo Scientific). Standards consisted of dilution series of 10 8 -10 2 copies ml 21 of the corresponding target genes, calculated from the concentration of purified end-point PCR products. The qPCR mixture contained 1| Maxima SYBR green PCR master mix, 400 mM forward and reverse primer, and 1 ng genomic DNA extracted from soils or enrichment cultures in a final volume of 10 ml. For amplification of total bacterial 16S rRNA gene copies, the primers 341F (59-CCTACGGGAGGCAGCAG-39) and 543R (59-ATTACCG-CGGCTGCTGG-39) were applied (Muyzer et al., 1993) . For amplification of Desulfitobacterium spp.-specific 16S rRNA gene copies, the primers 356F (59-ACTCCTACGGRAGGCWGC-39) (Garcia et al., 2011) and De2_YR (59-CYARGTTTTCACACCAGACTT-39) (A. Mac Nelly and others, unpublished) were used. All reactions were cycled in a CFX96 Real-Time PCR Detection System (Bio-Rad). The qPCR assays were carried out for the two biological replicates of each enrichment in technical triplicates for each sample of genomic DNA. The protocol used for amplification was: initial denaturation at 95 uC for 10 min, 40 cycles consisting of denaturation at 95 uC for 15 s, annealing at 60 uC for 30 s and extension at 72 uC for 30 s, ending by recording of the melt curves within a temperature range of 65-95 uC. The increase in the fluorescence was recorded after each amplification cycle. The qPCR products were separated on a 2 % (w/v) agarose gel to verify the correct length of amplicons as well as the absence of unspecific products. The amount of Desulfitobacterium spp.-specific 16S rRNA gene copies was expressed in per cent in relation to the total 16S rRNA gene copy number (Tables S1 and S2 ).
Cloning of qPCR products and plasmid preparation. In order to identify enriched Desulfitobacterium spp., Desulfitobacterium spp. 16S rRNA qPCR products were cloned into the pPrime cloning vector (5 PRIME) according to the manufacturer's instructions and transformed in Escherichia coli XL-1 Blue following the heat-shock procedure (Sambrook et al., 1989) . Plasmids were isolated from transformed cells using a GeneJET Plasmid Miniprep kit (Thermo Scientific) and the presence of the insert was verified via PCR. Inserts were sequenced at GATC Biotech and checked for similarity with deposited Desulfitobacterium sequences using the BLASTN alignment tool (Altschul et al., 1990) .
Microbial community analysis. The phylotype richness of microbial communities of topsoils as well as of selected subcultures of the enrichment was analysed via Illumina MiSeq technology. The amplification of the hypervariable regions V1-V3 of the 16S rRNA gene and the sequencing procedure were performed at Research and Testing Laboratory (Lubbock, TX, USA). For the amplification of V1-V3, the bacterial universal primers 28F (59-GAGTTTGATCNT-GGCTCAG-39) and 519R (59-GTNTTACNGCGGCKGCTG-39) were used. Paired-end Illumina reads were joined and trimmed with mothur (version 1.34.1; Schloss et al., 2009) according to the standard operational procedure (Kozich et al., 2013) . Sequences were aligned against the SILVA database . Chimeras were identified and removed with UCHIME (Edgar et al., 2011; Schloss et al., 2011) , and the remaining sequences were classified with the naïve Bayesian Classifier (Wang et al., 2007) with a minimum bootstrap support of 80 %, followed by a phylotype-level analysis and assignment of sequences to operational taxonomic units (OTUs) at the 97 % sequence identity level. Overall sequencing results are summarized in Results and Discussion. Rarefaction curves for each set of samples are available in Fig. S1 (available in the online Supplementary Material).
RESULTS AND DISCUSSION
Four forest soils and one grassland soil were sampled in the vicinity of Jena (Germany) and were analysed for the presence of Desulfitobacterium spp. via qPCR and for the distribution of phyla via Illumina MiSeq technology. Using qPCR, Desulfitobacterium spp. 16S rRNA genes were detected in all tested soils, confirming the previously suggested ubiquity of this genus in the environment (Lanthier et al., 2001) . Despite variations in the pH of topsoils and the vegetation form of sampling sites (cambisol, deciduous forest, pH 4.2; luvisol, deciduous forest, pH 5.9; gleysol, coniferous forest, pH 3.0; pelosol, nonarable grassland, pH 7.0; podsol, coniferous forest, pH 2.7), no significant difference could be observed in the relative amounts of Desulfitobacterium spp. 16S rRNA gene copies (cambisol, 0.15 %; luvisol, 0.29 %; gleysol, 0.20 %; pelosol, 0.49 %; podsol, 0.22 %), proving the ability of desulfitobacteria to survive in both coniferous and deciduous forest soil as well as in grassland soil.
Cambisol enrichment cultures
For soil enrichment cultures, the O-demethylation of syringate was chosen as a growth-selective process. To enable growth of Desulfitobacterium spp. on phenyl methyl ethers, an appropriate electron acceptor had to be provided (Neumann et al., 2004; Kreher et al., 2008; Mingo et al., 2014) . In this study, thiosulfate, nitrate, Cl-OHPA or 2,4,6-TCP was applied to the bicarbonate-buffered medium and their impact on the enrichment of desulfitobacteria from cambisol topsoil was evaluated. Cultivation with syringate in the absence of any electron acceptor was used as a control. Under all conditions, syringate was O-demethylated via 3-O-methylgallate to gallate. In the presence of nitrate, the ability to demethylate syringate was lost after the second subcultivation step. Nitrate reduction continued, suggesting an out-competition of methylotrophic bacteria by nitrate-reducing bacteria. Therefore, no further enrichments with nitrate were performed. The remaining cultures were continuously transferred (10 % inoculum) after syringate was depleted until the fifth subcultivation step. Depending on the rate of syringate consumption, the transfer to fresh medium took place after 2-6 days of cultivation. Genomic DNA extracted from cambisol topsoil and from enrichment cultures was analysed for Desulfitobacterium spp. 16S rRNA gene copies by qPCR and for general microbial diversity via Illumina MiSeq technology (for results of community analyses, see below). Desulfitobacterium spp.-specific 16S rRNA gene copies were detected in cambisol topsoil and in all subcultivations of each enrichment culture regardless of the electron acceptor applied (Fig. 1a) . However, the relative amount of Desulfitobacterium spp. 16S rRNA gene copies that was reached in the cultures was affected by the electron acceptors that were present in the bicarbonate-buffered medium. In the presence of thiosulfate, which occurs naturally in soils (Starkey, 1950; Wind & Conrad, 1995) , the relative amount of Desulfitobacterium spp. 16S rRNA gene copies increased up to 40-fold compared with the values of the initial soil sample, whereas the addition of 2,4,6-TCP had no significant effect. The electron acceptor Cl-OHPA favoured a slight enrichment of Desulfitobacterium spp. up to *2 % of the total 16S rRNA gene copy number. Surprisingly, up to 1 % of Desulfitobacterium spp. 16S rRNA gene copies were detected in enrichment cultures that were not supplemented with an electron acceptor. These results suggest that, in the environment, desulfitobacterial O-demethylation may be coupled to the reduction of thiosulfate.
Luvisol, gleysol, pelosol and podsol enrichment cultures
In addition to cambisol, further soil samples were used as starting material for the enrichment of desulfitobacteria. As the substrate combination syringate/thiosulfate significantly favoured the enrichment of Desulfitobacterium spp. from cambisol, it was also applied for the enrichment from luvisol, gleysol, pelosol or podsol topsoil (see Table S3 for duration of subcultures). The quantification of Desulfitobacterium spp. 16S rRNA gene copies via qPCR showed a consistent trend in all enrichments ( Fig. 1b; see Table S1 for results of biological duplicates). Whilst the relative amount of Desulfitobacterium spp. 16S rRNA gene copies did not differ much between the sampled soils, the relative amount of gene copies increased in the cultures amended with syringate and thiosulfate, as observed previously for cambisol enrichments. The highest relative amount of Desulfitobacterium spp. 16S rRNA gene copies was usually obtained at the end of the second out of five subcultivation steps. The increase was followed by a decline in the number of Desulfitobacterium spp. gene copies throughout the later subcultivation steps, reaching relative amounts of at most 1 % in the fifth subcultivation (Fig. 1b) . The enrichment with syringate and thiosulfate led to an *10-fold increase of the relative Desulfitobacterium spp. gene copy number in the luvisol, 20-fold in the pelosol, podsol and gleysol, and 40-fold in the cambisol cultures compared with the values of the initial soil samples. Due to the description of Desulfitobacterium spp. as dehalogenating bacteria, common enrichment and isolation strategies have included the use of organohalides as terminal electron acceptors (Utkin et al., 1994; Bouchard et al., 1996; Breitenstein et al., 2001) . Therefore, to date, most studies report on the presence of desulfitobacteria in environments contaminated with chlorinated compounds or on their enrichment from the corresponding environmental samples (e.g. Drzyzga et al., 2001; Yoshida et al., 2007) . In this study, emphasis was on the exploitation of the methylotrophic metabolism of desulfitobacteria for their enrichment. O-demethylation of the phenyl methyl ether syringate, previously reported to be demethylated by most isolated desulfitobacteria (Mingo et al., 2014) , has proved to be an appropriate substrate for the enrichment of this genus, when thiosulfate was applied as electron acceptor. (Fig. 2) . Depending on the soil type and subcultivation step, the mean rate of syringate consumption varied between 10 and 130 mM h 21 (Table 1) . In all enrichment cultures, except for the podsol cultures, the mean conversion rate of syringate increased over five subcultivation steps, indicating the adaptation of the microbial communities to O-demethylating conditions. The highest conversion rates were observed in cambisol and pelosol enrichment cultures, whilst the podsol enrichment cultures showed the lowest conversion rates. Therefore, the latter enrichment was stopped after the second transfer. Whilst the O-demethylation rate increased during the enrichment, that of thiosulfate consumption decreased (Table 1) . This result might be explained by the co-enrichment of other O-demethylating bacteria such as acetogens, leading to an increased syringate consumption. As acetogens utilize CO 2 , which was present as HCO 3 2 in the bicarbonatebuffered medium, thiosulfate was no longer required for O-demethylation. The stoichiometric amount of thiosulfate consumed per mole methyl group in pure cultures of desulfitobacteria is predicted to be 0.75 mol (Mingo et al., 2014) . During the first subcultivation step, the ratio of thiosulfate consumed per methyl group converted was typically lower by a factor of 2 and further decreased during the following subcultivations, which may also be due to the presence of acetogens. Reduction of thiosulfate in the absence of an electron donor (syringate) was insignificant (data not shown). It is assumed that O-demethylation of phenyl methyl ethers is an ecologically relevant process at all sampling sites, as bacteria capable of cleaving the ether bond of the methoxylated substrate could be enriched in all cases and were thus initially present in soil.
Microbial diversity in soil and in enrichment cultures
Community analyses via Illumina MiSeq technology were performed with genomic DNA extracted from the initial soil, from the second (gleysol: third subcultivation) and last subcultivation step of each enrichment. The initial soil microbial communities of cambisol, luvisol, gleysol, pelosol and podsol were dominated by the Proteobacteria, Acidobacteria, Actinobacteria and Bacteroidetes, and consisted of 226, 229, 117, 373 and 68 phylotypes, respectively. This finding is in accordance with previous studies that stated the dominance of these phyla in soils (Janssen, 2006) . The Firmicutes were an under-represented fraction (0.17, 0.23, 0.17, 1.7 and v0.1 % of total OTUs in cambisol, luvisol, gleysol, pelosol and podsol, respectively). In the course of the cultivation, the number of phylotypes decreased two-to 10-fold depending on the culture (Table 2 ). In the enrichment cultures, the dominant phyla present in soil were rapidly outcompeted by Firmicutes. In the second subcultivation (gleysol: third subcultivation), w75 % of OTUs were already assigned to bacteria of this phylum (Figs 3 and 4) . The remaining OTUs were mainly classified as Proteobacteria. The microbial community usually did not change significantly during later subcultivation in terms of phylum distribution and abundance, indicating that the shift of phyla in response to the growth substrates ends during the early subcultivation steps. In contrast to this, the community structure within the Firmicutes varied between the second (third for gleysol) and fifth subcultivation step (third for podsol) of the enrichment cultures (Fig. 5) .
Firmicutes OTUs that were found in most cambisol enrichment cultures were assigned to the genera Alkalibaculum, Anaerovorax, Clostridium, Sporobacterium, Sporomusa and Tissierella (Fig. 5a ). With the exception of Anaerovorax and Tissierella, all of them have been described as acetogens and/or capable of O-demethylation of methoxylated aromatics (Stupperich & Konle, 1993; Mechichi et al., 1999a, b; Allen et al., 2010) . During the course of the enrichment from cambisol, Sporomusa outcompeted the remaining co-enriched bacteria, which was reflected in the increase of Sporomusa OTUs to at least 75 % of total Firmicutes OTUs in the fifth subcultivation step of cultures amended with Cl-OHPA or 2,4,6-TCP as well as in the control without the addition of an electron acceptor. As Sporomusa, in contrast to desulfitobacteria, does not perform organohalide respiration, it may be concluded that the chlorinated compounds did not provide selective conditions for the exclusive enrichment of the latter organisms. In the presence of thiosulfate as electron acceptor, Alkalibaculum (50 % of total Firmicutes OTUs) was the most dominant genus (Fig. 5a ). This organism is an acetogen and has, up to now, not been described as a thiosulfate reducer or an O-demethylating organism (Allen et al., 2010) . Enrichment of Desulfitobacterium spp. from soil The Proteobacteria found in the second and fifth subcultivation of the cambisol enrichments were exclusively grouped with the Gammaproteobacteria and included different members of the Enterobacteriaceae, such as Buttiauxella and Citrobacter. Some Enterobacteriaceae have been reported before to O-demethylate methoxylated aromatics under anaerobic conditions followed by ring cleavage (Grbić-Galić, 1986) . When using 2,4,6-TCP for enrichment, the percentage of OTUs assigned to the phylum Proteobacteria was considerably higher than the values obtained for the other cultivation conditions (Fig. 4) . In these enrichments, genera that have been reported to dechlorinate organohalides under anaerobic conditions, such as Enterobacter (Sharma & McCarty, 1996) and Shigella (Karn & Balda, 2013) , were identified.
TCP dechlorination activity was, however, not detectable under the conditions applied (data not shown).
Genera that were already identified in cambisol enrichments could also be found in the luvisol, gleysol, pelosol and podsol enrichment cultures, such as Sporomusa, which dominated the last luvisol subculture (93.6 % of Firmicutes OTUs), Alkalibaculum, which dominated the last gleysol subculture (74.7 % of Firmicutes OTUs), Sporobacterium, which dominated the last pelosol subculture (53 % of Firmicutes OTUs), and Clostridium, which was most abundant in the last subcultivation step of the podsol enrichment culture (75.6 % of Firmicutes OTUs) (Fig. 5b) .
OTUs assigned to the genus Desulfitobacterium, which also belong to the Firmicutes (family Peptococcaceae), were only Enrichment of Desulfitobacterium spp. from soil identified in some of the syringate/thiosulfate enrichment cultures, in particular in the second subcultivation of cambisol, luvisol and pelosol (3.6, 3.2 and 0.2 % of total Firmicutes OTUs, respectively) as well as in the third and fifth subcultivation of the gleysol enrichment (9.6 and 0.7 % of total Firmicutes OTUs, respectively) ( Table 2) . No Desulfitobacterium spp. OTUs were identified in the podsol enrichment. In summary, five out of 18 enrichment cultures tested by Illumina MiSeq technology contained OTUs assignable to the genus Desulfitobacterium, whereas the qPCR approach led to the identification of Desulfitobacterium spp. 16S rRNA gene copies in all topsoil samples and almost all enrichments. This finding can be explained as follows. The qPCR approach was specifically designed for the detection of Desulfitobacterium spp. and is far more sensitive than the community analyses that make use of universal 16S rRNA primers for broad species coverage, either favouring or disfavouring the detection of certain phyla, genera and species (Klindworth et al., 2013) . Moreover, unclassified Desulfitobacterium sequences, which are also recognized by the primers used for qPCR, might have been labelled as unclassified OTUs in the community analyses.
Desulfosporosinus, which is the closest relative of Desulfitobacterium and also able to demethylate phenyl methyl ethers and to reduce thiosulfate (Cypionka & Pfennig, 1986; Hanselmann et al., 1995) , was found at low amounts in most enrichment cultures containing syringate and thiosulfate (Fig. 5b) , and therefore might compete with desulfitobacteria for these compounds.
The conditions that favour the initial enrichment of desulfitobacteria as shown by the qPCR approach are unknown. Their versatile metabolism might allow a faster adaptation (gene expression) to the substrates applied as well as the utilization of different electron acceptors. During further enrichment in soil-free media, desulfitobacteria are most probably outcompeted by acetogens of the phylum Firmicutes, which were identified by community analyses. The change in the genus distribution of acetogens from the second to the last subcultivation step suggests a high degree of competition between these organisms for methoxylated growth substrates (Fig. 5b) . Sporomusa, which was only present in enrichment cultures originating from soil samples of deciduous forest (cambisol, luvisol), seems to be an organism that can outcompete most other co-enriched acetogens for methoxylated growth substrates. In the case of its absence (gleysol, podsol or pelosol enrichment cultures), other acetogens such as Alkalibaculum, Clostridium or Sporobacterium were abundant. Enrichment of Desulfitobacterium spp. from soil The latter genus was described to utilize a variety of methoxylated aromatics as growth substrates. In addition to O-demethylation, ring cleavage was also observed by Sporobacterium (Mechichi et al., 1999a) .
CONCLUSION
The O-demethylation of phenyl methyl ethers coupled with the reduction of thiosulfate, which was previously reported for most desulfitobacteria, allowed for the enrichment of these organisms from forest and grassland topsoils. The presented cultivation setup will facilitate the enrichment and isolation of desulfitobacteria from the environment without the use of hazardous compounds (e.g. organohalides). In general, the cultivation conditions caused the out-competition of the soil microbial communities by the Firmicutes, which supports the participation of members of this phylum in environmental demethylation processes.
